The culture filtrate of a plant pathogenic fungus that infects English ivy (Hedera helix L., Araliaceae) was investigated for mosquitocidal constituents by bioassay-guided isolation. The fungus responsible for pathogenic effects on the plant H. helix has been identified as Diaporthe eres Nitschke by molecular techniques. The mosquito adulticidal constituent in the culture filtrate was identified as 3,4-dihydro-8-hydroxy-3,5-dimethylisocoumarin (1) by spectroscopic techniques. Laboratory bioassays showed that (1) had larvicidal activity against permethrinsusceptible and -resistant Aedes aegypti strains. This compound was not active as an adulticide when tested by topical bioassay. Several analogs of (1) were synthesized and had better mosquitocidal activities than the naturally occurring (1) constituent.
Due to the development of resistance in mosquitoes to currently marketed public health insecticides, there is an urgent need to identify and develop compounds that have different modes of action than those currently in use (Ramírez-Lepe and Ramírez-Suero 2012). The mosquito Aedes aegypti (L.) (Diptera: Culicidae), which frequently has resistance to many currently used pyrethroids, transmits viral pathogens that are responsible for Zika fever, yellow fever, dengue, and chikungunya (Haddi et al. 2017 ). These diseases can cause severe human morbidity and mortality and even microcephaly among newborn babies whose mothers have contracted the Zika virus during the first trimester of pregnancy.
Plant pathogenic fungi have evolved to survive in small ecological niches due to competition with other species. These fungi, like their plant hosts, have developed a variety of metabolites that can assist in resisting the efforts of competitors for resources. Thus, we hypothesized that, just like plants which produce natural insecticides like pyrethrums and nicotine, secondary metabolites produced by plant pathogenic fungi could be a good source of novel insecticides with novel modes of action (Bravo et al. 2011 , Tanwar et al. 2012 . The chromenes and chromans have shown promise as potential insecticides and have been isolated from a variety of natural sources (Proksch and Rodriguez 1983, Meepagala et al. 2016) . Both classes of compounds are characterized by the presence of a tworing structure with a common benzene ring and an attached pyran ring. Attached to this core structure are various side groups that can affect the insecticidal toxicity (Meepagala et al. 2016) . Similarly, the isochromans have the same two-ring structure as the chromans but differ by the location of the oxygen atom on the pyran ring. Some microbes including plant pathogenic fungi have been shown previously to produce chromans and isochromans but they have not been previously investigated for efficacy against mosquitoes (Molyneux et al. 2002 , Smith et al. 2003 , Kang et al. 2004 , Illakkiam et al. 2013 .
The ethyl acetate extract of the culture filtrate of the phytopathogenic fungus Diaporthe eres was investigated as part of ongoing research, supported by the Deployed War Fighter Protection (DWFP) program of the Department of Defense, to discover environmentally benign mosquito control agents (Kitchen et al. 2009 ). Using the active naturally occurring metabolite as the basis, several analogs were synthesized and then evaluated against permethrin-susceptible and permethrin-resistant adult and larval Ae. aegypti. This paper describes the biological activities of these isochroman analogs.
Materials and Methods

General Chemical Methods
Fungal broth ethyl acetate extracts and chromatography fractions were analyzed on 250-micron silica gel TLC plates GF with fluorescent indicator (Analtech, Newark, DE) . UV light (254 and 365 nm), I 2 vapor, and anisaldehyde spray reagent were used to detect the compounds on TLC plates. Column chromatography was carried out on a Biotage flash chromatography system (Biotage, Charlotte, NC). The solvents were reagent grade and used without further purification. 1 H and 13 C NMR spectra were recorded on a Varian Mercury AS400 spectrometer operating at 400 MHz for 1 H NMR and at 100 MHz for 13 C NMR (Billerica, MA). HR-ESIMS data were obtained by a Jeol ACCU TOF JMS-T1000 mass spectrometer. Potato dextrose agar (PDA) and Potato dextrose broth (PDB) were from Difco (Becton, Dickinson and Company, Sparks, MD). Czapek dox broth was from Sigma Aldrich Company (Milwaukee, WI). Agar and broth solutions were prepared and used according to manufacturer recommendations unless noted otherwise.
Isolation of Fungus
Necrotic leaves of H. helix were collected on the University of Mississippi, Oxford campus in June 2014. An infected leaf was sterilized by submerging in a 5% sodium hypochlorite solution followed by thorough rinsing in sterile deionized water. A small piece of leaf tissue from a single infection site (2 mm × 2 mm) was placed on half-strength PDA, and a colony of the fungus was allowed to grow for 10 d at 27°C with a 12-h scotophase. Using a sterile straw, PDB (250 ml) was inoculated with the resulting colonies (approximately 0.5 cm diameter) from the PDA and allowed to grow for 2 wk in a shaker at 27°C. Five milliliters of this liquid culture medium was subsequently used to inoculate each of 15 Erlenmeyer flasks containing 1 liter of Czapek dox broth and allowed to grow for 14 d in a shaker at 27°C under 12-h scotophase.
Molecular Identification of the Fungus
The fungus was identified by Accugenix (Charles River, Newark, DE) by sequencing the internal transcribed spacer (ITS) region of the ribosomal RNA gene. The values are % mortality from three replicates and the concentrations noted for the permethrin-treated positive controls represent the stock concentration added to the well.
Extraction and Chromatography Fractionation
After allowing the culture broth to grow for 14 d the mycelia were filtered through miracloth (EMD Millipore, Billerica, MA), followed by filtration through filter paper (Whatman #1). The filtrate was extracted (×2) with an equal volume of ethyl acetate. The two ethyl acetate extracts were combined, concentrated to about 1 liter, dried over anhydrous Na 2 SO 4 and the solvent was evaporated to afford a pale brown extract (1.3 g). The extract (1.2 g) was fractionated using Biotage flash column chromatography using a silica column (SNAP Cartridge KP-SIL, 50 g) and 5-100% ethyl acetate in hexane. Using the TLC profile, nine fractions were obtained. Further purification of the mosquito larvicidal fraction yielded (1) as white crystals. The NMR data are in agreement with that has been published (Meepagala et al. 2018 ) by us.
3,4-dihydro-8-hydroxy-3,5-dimethylisocoumarin (1). 1 H NMR (600 MHZ, CDCl 3 ): δ 1.55 (d, 3, J = 5 Hz, C3-CH 3 ), 2.20 (s, 3, C5-CH 3 ), 2.72 (m, 1, C4-Ha), 2.93 (m, 1, C4-Hb), 4.68 (brm, 1, C-3H), 6.84 (d, 1, J = 8.5 Hz, C-7H), 7.28 (d, 1, J = 8.5 Hz, C-6H), 11.0 (s, 1, OH); 13 C NMR (150 MHz, CDCl 3 ): δ 18. 25, 21.08, 32.05, 75.61, 108.21, 115.80, 125.11, 137.23, 138.09, 160.61, 170. Based on the larvicidal activity of (1) observed by us, more analogs were synthesized according to published procedures as shown in scheme (1).
Biological Activity Assay Against Adult Mosquitoes and Larvae
Aedes aegypti Mosquito Strains
Two strains of mosquitoes that vary in permethrin susceptibility were used for the bioassays. The Orlando 1952 (ORL1952) susceptible strain and permethrin-resistant Puerto Rico (PR) strain were reared according to previously published methods at the Center for Medical, Agricultural and Veterinary Entomology (CMAVE) in Gainesville, FL (Pridgeon et al. 2008) . The PR strain used here is the same strain that is available as a standard resistant strain through BEI Resources (Atlanta, GA, NR-48830). The toxicological profile of both strains has been characterized against a variety of active ingredients with differing modes of action (Pridgeon et al. 2008 , Agramonte et al. 2017 , Estep et al. 2017 . When compared to ORL strain, the PR strain (fifth generation) has a resistance ratio of greater than 50-fold to permethrin and is also widely resistant to The values are % mortality and represent data from three replicates.
other pyrethroids (Estep et al. 2017 ). The adult female mosquitoes for use in bioassays were 3-6 d post-emergence and were maintained with free access to 10% sucrose in water.
Adult Topical Bioassay
The adulticidal activity of these compounds was evaluated on female adult Ae. aegypti from both strains using a previously published and standardized testing procedure (Pridgeon et al. 2008) . The test compounds and the extracts were dissolved in DMSO to make a 10% stock solution and then serially diluted 1:10 in acetone. Adult mosquitoes were cold-anesthetized and placed on a chill table at 4°C (BioQuip Products, Rancho Dominguez, CA). Using a 700 series gastight syringe and a PB 600 repeating dispenser (Hamilton, Reno, NV) a 0.5-µl droplet was applied to the thorax. Control treatment consisted of 0.5 µl of acetone. Technical-grade permethrin (Chemservice, West Chester, PA), a combination of cis and trans isomers, was used as the positive control. The published permethrin LD 50 for adult female ORL1952 mosquitos is approximately 0.1-0.2 ng per mosquito (Pridgeon et al. 2008 , Estep et al. 2017 . After treatment, the mosquitoes were kept in a plastic cup at 26-27°C and 80% RH and provided with 10% aqueous sucrose solution for 24 h before mortality was recorded. Mosquitoes unable to stand, walk, or fly in a coordinated fashion were scored as dead. Twenty mosquitoes were tested at each concentration and bioassays were replicated on three different days.
Larval Bioassay
A modified larval bioassay method has been described previously for use with smaller volumes due to limited amounts of test material (Pridgeon et al. 2009 , Meepagala et al. 2016 . Eggs were hatched in cups with 100 ml deionized water containing 40 mg of larval diet (1:1 pig chow: alfalfa powder) with brief deoxygenation under vacuum to synchronize hatching. The following day, 188 µl of the hatching solution containing five first instar larvae were transferred into wells of a flat bottomed 96-well polycarbonate tissue culture plate (Becton Dickinson). Two microliters of larval diet and 10 µl of diluted test compound were added and the wells were mixed gently by swirling the plate. A range of concentrations of test compounds was used with permethrin as the positive control. DMSO was the negative control. Mortality was recorded at 24 h after treatment.
Larvae that exhibited lack of movement after agitation with a pipette tip were recorded as dead. The experiment was done in triplicate with permethrin as a positive control and DMSO added as a negative control.
LC 50 Calculation
In accordance with previously published methods, LC 50 (lethal concentration for larval bioassay) for select compounds was calculated by assaying a range of concentrations in triplicate (Meepagala et al. 2016) . The 24-h mortality data were used for curve fitting with SigmaPlot v12 and a four-parameter logistic fit. Fitting parameters are calculated automatically by the software and are presented as appropriate.
Results and Discussion
Preliminary bioassay of the ethyl acetate extract of the fungal culture filtrate at a final concentration of 1 µg/µl indicated the presence of larvicidal activity against Ae. aegypti first instar larvae with 46% Fig. 1 . Synthesis of analogs of (1). and 66% mortality rates for ORL1952 and PR species, respectively (Table 1) . Subsequent silica gel flash column chromatography fractionation of the ethyl acetate extract led to the isolation of (1) which has been shown to possess phytotoxic activity (Meepagala et al. 2018 ). Bioassay of (1) showed 100% mortality of both PR and ORL1952 mosquito larvae at 1 µg/µl (Table 1) . Permethrin at 63.5 pg/μl caused 100% mortality of ORL1952 strain mosquito larvae, whereas at 9125.0 pg/μl caused 100% mortality of the PR strain larvae. In the adulticide assay, 5 µg per mosquito of (1) showed 90% and 83% mortality of ORL1952 and PR adult mosquitoes, respectively (Table 2) . Permethrin controls caused 100% mortality of ORL1952 and PR adult mosquitoes at 1.8 ng per mosquito and 462 ng per mosquito, respectively. Several analogs of (1) were synthesized utilizing standard organic synthetic chemistry methods. Synthesis of these analogs is described in detail (Fig. 1 ) in published literature (Meepagala et al. 2018) . Several of these analogs showed higher activity than the naturally occurring (1). The analogs 10-1a and 10-1b were less active than 11a and 11b suggesting that the OH group at C-8 is important for larvicidal activity. The presence of OMe group at this position causes decreases in activity. The analogs 11-a, 11b, and 10-2a that showed greater than 90% mortality in larval assay at 0.25 µg/µl were tested at varying concentrations (1, 0.5, 0.25, 0.01. 0.05, 0.025, 0.001, 0.005, 0.0025, 0.0001 µg/µl) in order to determine LC 50 values. The LC 50 values were obtained by plotting log concentration against percent mortality (Table 3) with values determined by SigmaPlot (Systat Software v12). Compound 11a had the lowest LC 50 of 0.03 µg/µl for both ORL1952 and PR mosquito larvae. Compound 11b showed a slightly higher LC 50 of 0.06 µg/µl. These results suggest that having a gem-dimethyl group of 11b did not increase the activity. Introduction of a Cl moiety at C-8 showed some increase of activity of the analog (10-2a) containing one Me group at C-3 (Table 1) . But this compound was less active against PR larvae. The analog with gem-dimethyl group with a Cl atom at C-8 has lower activity (10-2b) ( Table 1) . Among all the analogs that were tested, 11a showed the highest activity with an LC 50 of 0.03 µg/µl for both ORL1952 and PR mosquito larvae. While we did not investigate the mechanism behind the toxic effect, the similar activity observed in both strains suggests that this class of compounds likely has a mode of action different than that of pyrethroids. These compounds showed weak adulticide activity ( Table 2 ). The naturally occurring compound (1) showed 90% adulticidal activity of ORL1952 mosquitoes at 5 μg per mosquito, whereas the PR strain similarly showed 83% adulticidal activity at the same concentration. Analog 10-1b showed the highest adulticidal activity with 100% mortality of ORL1952 mosquitoes at 5 µg per mosquito but at the same concentration PR mosquitoes showed 60% mortality. Based on these results, these compounds are weak adulticides but show more pesticidal activity as larvicides. Production and characterization of additional analogs and further chemical modification may result in further enhancement of larvicidal activity. Previous testing of microbial extracts and compounds has shown promise as a source of potential mosquito control agents (Blanford et al. 2012 , Cimmino et al. 2013 , Meepagala et al. 2015 , Ragavendran et al. 2017 ). These microbes have included entomopathogens as well as a few phytopathogens. Only a limited amount of work has specifically investigated phytopathogens as sources for mosquito control agents. This should be an area to explore in search of insect control agent particularly against mosquitoes. 
